Robot frame compliance has a large negative effect on the global accuracy of the system when large external forces/torques are exerted. This phenomenon is particularly problematic in applications where the robot is required to achieve ultra-high (micron level) accuracy under very large external loads, e.g. in biomechanical testing and high precision machining. To ensure the positioning accuracy of the robot in these applications, the authors proposed a novel Stewart platform-based manipulator with decoupled sensor-actuator locations. The unique mechanism has the sensor locations fully decoupled from the actuator locations for the purpose of passively compensating for the load frame compliance, as a result improving the effective stiffness of the manipulator in six degrees of freedom. In this paper, the stiffness of the proposed manipulator is quantified via a simplified method, which combines both an analytical model (robot kinematics error model) and a numerical model (finite element analysis model) in the analysis. This method can be used to design systems with specific stiffness requirements. In the control aspect, the non-collocated positions of the sensors and actuators lead to a sub-optimal control structure, which is addressed in the paper using a simple Jacobian-based decoupling method under both kinematics-based and dynamics-based control. Simulation results demonstrate that the proposed manipulator configuration has an effective stiffness that is increased by a factor of greater than 15 compared to a general design. Experimental results show that the Jacobian-based decoupling method effectively increases the dynamic tracking performance of the manipulator by 25% on average over a conventional method.
I. Introduction
In a general robotic system, the compliance of the robot structure cannot be observed by its internal sensors, and therefore cannot be directly compensated using general robot control. This can significantly 4 sensor compliance from the whole robotic system [11] . However, no quantitative assessment was provided on this particular design and the robotic system still suffered from load frame compliance.
In this paper, to effectively compensate for the total robot compliance, the authors propose a Stewart platform-based manipulator with fully decoupled sensor-actuator locations. The proposed manipulator concept is described for biomechanical testing applications in the article but can be simply applied to all other applications that require ultra-high accuracy positioning under very high external forces/torques in 6-DOF.
Section II gives an overview of the unique manipulator mechanism, which has the sensor locations fully decoupled from the actuator locations for the purpose of passively compensating for the load frame compliance, and as a result improving the effective stiffness of the manipulator in six degrees of freedom. Section III describes a simplified method for quantifying the stiffness of the proposed manipulator, which combines both the analytical model (robot kinematics error model) and the numerical model (finite element analysis model) in the stiffness analysis. The method can be used to design systems with specific stiffness requirements. Section IV presents the control aspect of the manipulator, mainly the Jacobian-based decoupling method developed to address the control problem arising from the non-collocated positions of the sensors and actuators. The solution is formulated for both kinematics-based and dynamics-based control of the robot. Section V demonstrates the simulation results on the stiffness of the proposed manipulator configuration with decoupled sensor-actuator locations and compares the results with a general Stewart platform design with sensors attached on the actuators.
Finally, Section VI demonstrates the effects of involving the Jacobian-based decoupling method in control using physical experiments. Figure 1 shows the proposed manipulator mechanism that forms the basis of this paper. As with any Stewart platform design, the manipulator mainly consists of six linear legs, a moving platform assembly at the top, and a supporting frame at the bottom. Each of the six legs is a linear ballscrew actuator which is driven by Stiffness analysis and control of a Stewart platform-based manipulator with decoupled sensor-actuator locations for ultra-high accuracy positioning under large external loads 25th May 2014 Ding 5 a coupled servomotor. Via spherical joints, the upper ends of the legs are connected to a top platform while the lower ends of the legs are connected to three actuator pillars bolted on to a rigid base plate. The spherical joints form a hexagon at both the top and bottom. A 6-DOF load-cell is mounted beneath the centre of the top platform and is used to measure the forces and moments applied to the testing specimen. A height adjustable pillar is bolted at the centre of the base plate for mounting the bottom end of the specimen. The specimen pillar, together with the actuator pillars, allows both small specimens (e.g. spine disc), and large specimens (e.g. femur), to be fitted into the inner space of the manipulator.
II. Manipulator Mechanism
The main innovation of this mechanism is the use of sensors internal and separate to the load frame.
Unlike common design approach which sets the sensors attached to the actuating frame, the current design decouples the sensor locations from the actuator locations for the purpose of increasing the effective stiffness of the manipulator. As shown in Figure 1 , six linear encoders are mounted in parallel (when the device is at its nominal position) with the six actuators via spring loaded magnetic spherical joints. The encoder spherical joints are on the same plane as the actuator spherical joints, and thus also form a hexagon at both the top and bottom. A specimen fixation plate is attached beneath the load-cell for mounting the top section of the specimen and for mounting the upper ends of the linear encoders. Three encoder pillars, which sit on a hexagonal plate bolted on the specimen pillar, are used to mount the lower ends of the linear encoders. As highlighted in Figure   1 , the locations of the linear encoders are completely decoupled from the robot load frame, and therefore in theory a more accurate specimen displacement can be measured, and as a result controlled, independent of the robot load frame compliance. This intuitively increases the effective stiffness (the capability to achieve accurate displacements under external loads) of the whole robotic system in a passive manner.
III. Stiffness Analysis
The stiffness of a general Stewart platform with simple conventional top and base design has been studied thoroughly in [13] [14] [15] . These studies provide an analytical model, which can be used to accurately estimate the Stiffness analysis and control of a Stewart platform-based manipulator with decoupled sensor-actuator locations for ultra-high accuracy positioning under large external loads 25th May 2014 Ding 6 stiffness of a general Stewart platform design. However, the proposed sensor-actuator non-collocated structure in this study is much more complex than the general case and therefore requires additional analysis on its stiffness. Finite element analysis (FEA) is a useful tool to numerically assess the stiffness of a complex system. However, it is computationally intensive to process the full robotic model as shown in Fig. 1 . Appropriate simplification is necessary to obtain a FEA model with acceptable computational speed and accuracy. For quantifying the stiffnesses at various robot poses, for a purely FEA based approach, the FEA model needs to be reconstructed for each pose. In addition, the effective stiffness of the proposed manipulator cannot be obtained explicitly from FEA by directly observing the task-space deformation of the inner sensing frame and relating it to the given load as the task-space deformation of the inner sensing frame is implicitly governed by the deformations of the linear encoder positions with respect to the top and bottom specimen mounts. On the other hand, pure analytical modeling of the Stewart platform is difficult and less accurate, particularly when complex mechanisms such as the top and bottom assemblies are involved [15] . In this section, a simplified method is described for assessing the stiffness of the proposed manipulator, which combines both the analytical model Therefore, the hybrid approach makes the solution process much faster than the full FEA method and more accurate than the pure analytical method. Besides the stiffness of the proposed configuration, the stiffness of the general Stewart platform configuration can be easily calculated assuming the sensors are attached on the actuators, which is equivalent to the stiffness of the robot load frame. The hybrid method can be used to effectively assess the stiffness of the proposed manipulator and its superiority over a general configuration during the design process. Figure 2 shows the kinematic model of the manipulator, which consists of an outer Stewart platform (blue Stiffness analysis and control of a Stewart platform-based manipulator with decoupled sensor-actuator locations for ultra-high accuracy positioning under large external loads 25th May 2014 Ding 7 solid-line) formed by the robot load frame and an inner Stewart platform (black dash-dot-line) formed by the sensing frame. These two Stewart platforms share the same global coordinate system {O} located at the geometric centre of the lower spherical joints and share the same moving platform coordinate system {Op} located at the geometric centre of the upper spherical joints. and represent the position vector of the lower actuator spherical joint (Ai) and the position vector of the lower encoder spherical joint (Bi) with respect to {O} respectively. and represent the position vector of the upper actuator spherical joint (Pi) and the position vector of the upper encoder spherical joint (Ei) with respect to {Op} respectively.
A. Stiffness Assessment Strategy
The inverse kinematics of the two Stewart platforms, which map the robot pose to the six leg lengths, are described as [7] :
where and are the length of the th actuator and the length of the th encoder respectively. and are the unit vectors along the th actuator and along the th encoder respectively. is the rotation matrix describing the orientation of {Op} with respect to {O}. is the translation vector describing the position of {Op} with respect to {O}. The infinitesimal differences to Eq. (1) results in
Assuming the perturbations are only along and therefore multiplying both sides of Eq. (3) by leads to
We also know that
where ∆ is a vector that contains three task-space angle errors. Substituting Eq. (5) into Eq. (4) results in
Finally, assembling the equations for all six legs leads to the following matrix form
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Equation (7) represents the kinematic error model of the outer Stewart platform [16] [17] [18] , which is valid at small displacement perturbations. is a diagonal matrix, with T on its diagonal terms which maps the actuator spherical joint position errors to the errors along the actuators. is the inverse kinematics Jacobian of the outer Stewart platform, the inverse of which maps the total errors along the actuators to the total displacement error of the robot load frame in task-space. Applying the same process, the kinematic error model of the inner Stewart platform can be written as
where maps the encoder spherical joint position errors to the errors along the encoders and the inverse matrix of maps the total errors along the encoders to the total displacement error of the robot sensing frame in task-space.
When testing stiff specimens, large forces and moments in all 6-DOF T T T are exerted on the manipulator end-effector, and as a result the compliance of the manipulator results in deformation errors in the parallel link lengths and in the spherical joint positions which can be considered as kinematic errors in manipulator joint-space. According to separation principle, such joint-space errors can be transformed to the deformation error of the load frame and the deformation error of the sensing frame in task-space via Eq. (7) and (8) respectively. Given 
B. Deformation Errors of the Actuators and Encoders
As each actuator is subjected to only axial (tension-compression) loads under static conditions, the Stiffness analysis and control of a Stewart platform-based manipulator with decoupled sensor-actuator locations for ultra-high accuracy positioning under large external loads 25th May 2014 Ding 9 deformation error of the th actuator is governed by its axial stiffness
where is the axial force through the th actuator, is the axial stiffness of the th actuator. Assembling the equations for all six legs result in ∆
where , 0 0 .
The forces along the actuators can be derived from the task-space loads by
Substituting Eq. (11) into Eq. (10) yields
The axial stiffness of the ith actuator can be modeled as three serial components
where is the stiffness of the ballscrew piston, is the stiffness of the ballscrew cylinder, and is the stiffness of the ballscrew transmission system.
The encoders are subjected to only their own weight, and therefore the deformation errors of the encoders are negligible, thus
C. Deformation Errors of the Platform Assembly and the Supporting Frame
The position errors of the upper spherical joints (Δ , Δ ) result from the deformation of the moving platform assembly, and the position errors of the lower spherical joints (Δ , Δ ) result from the deformation of the supporting frame. Generally, due to the structural complexity of the platform assembly and the supporting frame, it is extremely difficult to analytically estimate their stiffnesses and consequently the resulting spherical joint deformation errors. Therefore, the platform assembly and the supporting frame are numerically analyzed
IV. Control Analysis
This section analyses the control aspect of the manipulator. Firstly, the definition and the transformation of the coordinate systems essential for the robot control and measurement are discussed. Secondly, the sensor-actuator non-collocated control problem is highlighted using mathematical equations. Thirdly, a simple Jacobian-based method is formulated to address the non-collocated control problem in both kinematics-based and dynamics-based control algorithms. For simplicity, the platform assembly, parallel links, and supporting frame have been assumed to be rigid bodies for control.
A. Coordinate System Definition and Transformation
Four coordinate systems essential for the robot control and measurement are attached to the manipulator as shown in Fig. 3 . In addition to the global coordinate system {O} and the moving platform coordinate system {Op} described in the last section, a specimen coordinate system {Sp} is located at the specimen centre of rotation (COR) and a load-cell coordinate system {Lp} is located at the measurement point of the load-cell. For coordinate transformation, the load-cell, the specimen fixation plate, and the testing specimen upper and lower bodies are assumed to be rigid. Under such an assumption, the three moving coordinate systems {Lp}, {Op}, and {Sp} always have the same orientation and the offsets between the origins of the moving coordinate systems are always constant. Therefore we have (15) allows the mapping between the manipulator pose and the specimen COR pose. Equation (16) transforms the forces and moments measured by the load-cell to the forces and moments at the specimen COR.
Consequently the loads and displacements at the specimen COR can be measured and controlled by the robotic testing system.
B. Sensor-Actuator Non-collocated Control Problem
As the encoder spherical joints are not collocated with the actuator spherical joints as shown in Fig. 1-3 , there are kinematics differences between the encoder lengths and the actuator lengths. This difference is pose-dependent and can be described by the inverse kinematics Jacobians of the manipulator assuming the manipulator is rigid,
Combining Eq. (17) and (18), we have
where is a 6 6 fully populated matrix which maps the six encoder length errors to the six actuator length errors. This means the proposed sensor-actuator non-collocated configuration leads to a multiple inputs multiple outputs (MIMO) control problem rather than a traditional six channel single input single output (SISO) control system. Therefore, the use of a traditional SISO control strategy on the proposed manipulator is suboptimal where internal disturbances are expected to appear on the actuators. This will degrade the dynamic tracking performance of the robot. The next two subsections formulate a simple solution to this problem under kinematics-based control and dynamics-based control respectively.
C. Kinematics-based PID Control
As the true displacements of the specimen are measured by the inner Stewart platform (sensing frame), the Stiffness analysis and control of a Stewart platform-based manipulator with decoupled sensor-actuator locations for ultra-high accuracy positioning under large external loads 25th May 2014 Ding 12 aim of robot control is to regulate the lengths of the six encoders in an effort to regulate the displacements of the specimen. Figure 4 shows the kinematics-based control scheme for this purpose. The initial pose of the manipulator T T T is calculated from the initial encoder lengths via direct kinematics of the inner Stewart platform. The direct kinematics of a Stewart platform can be solved by using minimization and root-finding methods such as the Newton-Raphson method [8] , [10] . Substituting T T T and the offset vector between the {Sp} and the {Op}, , into Eq. (15) essential for controlling the forces and moments on the specimen in biomechanical testing. Force control is out of the scope of this paper and is not discussed here.
As discussed in the previous subsection, the non-collocated nature of the manipulator leads to a MIMO control system whose inputs (actuator control inputs) have a time varying linear relationship ( ) with the outputs (linear encoder measurements) as shown in Eq. (19) . Therefore, by estimating in real-time, the MIMO control problem can be decoupled to a six channel SISO control problem which can then be solved via a traditional PID control strategy. 
D. Dynamics-based PD Control
When the physiological movement of a human joint is simulated during biomechanical testing (e.g. 20
degrees flexion of a knee joint at 1 Hz sinusoidal testing), large inertial forces and moments can arise from the very dynamic movement of the manipulator and the inertia matrix of the manipulator can vary significantly during the movement. In this case, it is desirable to employ dynamics-based control to the proposed structure.
Dynamics-based control of Stewart platforms is an extensive research area and is not discussed here in detail.
This subsection uses the very basic dynamics-based PD control as a simple example to formulate the fundamental control structure on the proposed manipulator, which can be used as a basis to develop a more robust control algorithm on the rig, e.g. model-based adaptive control. Assuming the encoder inertia is negligible compared to the platform assembly inertia and actuator inertia, the dynamics of the manipulator is simplified as the case of a general Stewart platform. Then the inverse dynamics of the manipulator in task-space can be written as [19] [20] [21] T ,
where T T T represents the pose of the manipulator, · represents the inertia matrix, · represents the Coriolis, centrifugal, and damping terms, · represents the gravitational terms, represents the external forces and moments at the end-effector, and represents the resulting forces along the actuators.
The kinematics of the inner Stewart platform (sensing frame) gives .
Differentiating Eq. (22) with respect to time results in .
Substituting Eq. (22) and (23) into Eq. (21), the inverse dynamics of the manipulator in joint-space can be written as
Based on Eq. (24), the PD control law is formed as 
V. Simulation Results on the Manipulator Stiffness
This section presents the geometrical and physical parameters of the manipulator for both simulations and experiments. The FEA analysis on the top platform assembly and on the bottom support frame are highlighted.
Stiffness
15
Finally, the effective stiffness of the proposed manipulator is calculated from the stiffness assessment method described in Section IV and is compared to the stiffness of a general design. Tables 1 and 2 Table 5 lists the physical properties of the parts.
A. Geometrical and Physical Parameters for Simulation

B. FEA Simulation on the Platform Assembly and the Supporting Frame
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The platform assembly and the supporting frame were modeled using ANSYS workbench 12.0 and the parameters discussed in the previous subsection. Quadratic tetrahedral elements and a default automatic mesh method were applied to both the top and bottom models, resulting in 6650 elements with 13690 nodes on the top model, and 7528 elements with 14302 nodes on the bottom model respectively. A mesh-sensitivity study has been undertaken to validate the accuracy of the resulting meshed model with reference to a refined model having a mesh density six times higher. Results showed that the numerical error arising from the mesh coarseness was two orders of magnitude lower than the absolute deformations of the spherical joint locations, and therefore such a numerical error was negligible in the final stiffness results. The forces exerted at the actuator spherical joint mounts are the reaction forces from the actuators, and therefore can be calculated via Eq. (11) given the forces and moments at the end-effector Subjected to these loading and boundary conditions, the deformations of the platform assembly and the supporting frame are plotted in Fig. 8 and 9 respectively. The deformations at the actuator spherical joint bearings (1.132 mm at top and 0.070 mm at bottom) are significantly higher than the deformations at the encoder spherical joint mounts (0.012 mm at top and 0.002 mm at bottom). This is expected as the encoder spherical joints were decoupled from the actuator spherical joints where large forces are exerted.
C. Stiffness of Sensor-actuator Non-collocated design Vs Stiffness of general design
The procedure for quantifying the manipulator stiffness is listed below:
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The deformation errors of the actuators ∆ are calculated via Eq. (12).
3. Substituting the resulting joint-space deformation errors into Eq. (7) and (8) Table 6 . Results show that the axial stiffness of the load frame is about 2 to 3 times that of a human spine disc [5] . Therefore, the use of a general Stewart platform design with the current geometries in studying human spine disc can result in about 20-30% error in the accuracy of the testing results. On the other hand, by decoupling the sensor locations from the actuator locations, the global stiffness of the manipulator is increased by more than 15 times along translational axes and 100 times about rotational axes, resulting in an accuracy with less than 3% error.
VI. Results of the Manipulator Control
In this section, a quantitative assessment is undertaken on the kinematics differences between the actuator lengths and encoders lengths arising from the proposed sensor-actuator configuration. In addition, the efficacy of the decoupling method described in Section IV.C is assessed using physical experiments.
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A. Quantitative Assessment on the Control Problem Arising from Sensor-actuator Non-collocation
The kinematics differences between the actuator lengths and encoder lengths is assessed globally using the geometries discussed in Section V.A when the manipulator is at pose I, pose II, and pose III Equation (26)- (28) shows that within the robot movement range, is a fully populated matrix with off-diagonal terms as high as more than 16% of the diagonal terms. Results also show that when the robot is at a different pose, the individual elements in the matrix experience a maximum change of 3.4%. This means the actuator-sensor non-collocated mechanism is a highly coupled time-varying MIMO control problem. The use of traditional SISO control on such a system can result in strong disturbances on the robot legs. Therefore the estimation and use of is essential in the kinematics-based control algorithm to decouple the system for SISO control realization.
B. Experimental Assessment of the Decoupling Method in the Kinematic-based PID control Algorithm
As shown in Fig. 10 , the manipulator assembly was manufactured based on the geometries given in at a 10 kHz sampling rate. At the lowest level, six Aerotech Soloist CP20 servo amps run six current control loops at 20 kHz, which regulate the currents in the motors to achieve the required motor torque commands.
To assess the performance of the proposed controller under large external disturbances, e.g. external forces/torques, a high density polymer cylindrical specimen (81 mm diameter and 132 mm exposed height) was mounted between the specimen fixation plate and the specimen pillar via two mounting cups as shown in Fig.   10 . The high density polymer is a form of polyurethane and has an 82A Shore hardness reading according to ASTM D2240 (Standard Test Method for Rubber Properties). The polymer specimen was chosen over a biological specimen mainly due to its higher flexibility which allows the manipulator to travel in a larger range without tripping the measurement limitations of the current load-cell (maximum 100 Nm moments). The manipulator was commanded to move about the virtual polymer specimen COR with a combined sinusoidal displacement of ±3 degrees lateral bending (Rx), and ±2 degrees axial torsion (Rz) at a 1 Hz cycle rate. decoupled SISO control, it was found that the decoupled SISO can improve the tracking accuracy of the proposed manipulator with decoupled sensor-actuator locations by approximately 25% as illustrated in Table 7 .
On the two command tracking axes (Rx and Ry), the RMS of the dynamic tracking errors were kept within 1.2%
of the movement amplitude under decoupled SISO control, which are satisfactory for dynamic testing of biological specimens.
VII. Conclusion and Discussion
In this paper, a novel Stewart platform-based manipulator with decoupled sensor-actuator locations is proposed for applications where ultra-high accurate positioning is required from the robot under large external loads. The underlying concept is to isolate the compliance of the robot load frame from the displacement
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measurement of the testing sample, which is achieved using an inner Stewart platform as the sensing mechanism. In theory, there are many ways in which to replace the inner Stewart platform (sensing frame) to measure the true specimen displacement which would be independent of load frame compliance (e.g. laser, MS Kinect and motion capture systems). However, these systems measure the displacements in the task space, which can cause difficulties in feedback control of the robot, as measurements and control are normally required from the robot joint space for easier realization [7] . The idea of the inner Stewart platform (sensing frame) measures the true specimen displacement in the form of inner robot joint (sensor) space, which has a simple and easy computational relationship with the outer robot joint (actuator) space. This leads to a simple but effective control solution with minimal modification from a general Stewart platform as demonstrated in the paper.
Studies were performed on both the stiffness and control aspects of the manipulator. A simple assessment method was developed to quantify the stiffness of the proposed manipulator. Given appropriate assumptions and meshing size, the accuracy of the method can be ensured, although future work is required to validate the effect of the assumptions and meshing on the global accuracy and complexity of the method. In addition, a simple control solution was formulated for the sensor-actuator non-collocated structure in both kinematics-based and dynamics-based control algorithms, which is modified from a general Stewart platform case with minimal effects, and consequently can be easily applied in industrial applications.
Simulation results show that the unique sensor-actuator non-collocated mechanism increased the effective stiffness of a general Stewart platform testing system by a factor of greater than 15 over a common collocated design, and therefore significantly improved the static accuracy of the manipulator when subjected to large reaction forces and moments. Since the results were obtained from a simplified model, parameter uncertainties in the model would cause some error in the resulting stiffnesses. Nevertheless, the stiffness ratio between the proposed manipulator and a general design is believed to be insensitive to such uncertainties as both the stiffnesses were calculated from the same model. Ideally an independent experimental validation on the Stiffness analysis and control of a Stewart platform-based manipulator with decoupled sensor-actuator locations for ultra-high accuracy positioning under large external loads 25th May 2014 Ding 22 stiffness would perfectly conclude the study but is not feasible given the limited funding available for this study.
Finally, experimental results show that using the proposed decoupled SISO control algorithm on the manipulator improved the dynamic tacking accuracy of the manipulator by approximately 25% over a conventional SISO control. This is of the same order of magnitude as the sum of the off-diagonal terms on each column of the matrices in Eq. 26-28, which are regarded as the disturbances on each of the actuator if SISO control is used. Therefore, it is reasonable to conclude that the proposed SISO control method effectively addressed the control issue arising from non-collocated sensor-actuator locations.
The proposed manipulator can be used in various applications. As well as biomechanical testing, it can be applied to high precision machining, precise positioning of heavy equipment (e.g. telescope), and many more applications where ultra-high precision in 6-DOF is required under large external loads. Primary future work is to extend the sensor-actuator non-collocated strategy to a novel 6-DOF rotary parallel manipulator [22] , which has a significantly increased range of motion compared to a conventional Stewart platform although its stiffness is compromised. The authors tend to address this issue on this particular structure by using the method described in this paper and consequently develop a new generation of parallel manipulator with both large workspace and high stiffness. Table 5 . Physical properties of the parts Table 6 . Effective robotic system stiffness versus the load frame stiffness (unit: N/mm and Nm/°) 
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